To compare devices for the task of navigating through large computed tomographic (CT) data sets at a picture archiving and communication system workstation.
individual section. A typical interpretation session involves a good deal of scrolling back and forth over points of interest, as well as larger continuous motions for moving between areas of interest.
A typical PACS workstation has one or more electronic monitors, a keyboard, and a trackball that is used as a cursor control and also for controlling the scrolling. The trackball generally has a large diameter (approximately 6 cm) and buttons around the base that are activated for controls. In some implementations, one of the buttons is held down to activate the scrolling mode, in which only one of the trackball's two degrees of freedom is used, so that the displayed section in the sequence is linearly controlled.
As an initial part of a larger study of the integration of 2D and 3D imaging for radiologic analysis of vascular structures, we observed the use of current equipment by radiologists at a major university (Stanford University) teaching hospital. One of our immediate findings was a widespread complaint about repetitive stress to the hand and wrist owing to the constant back-and-forth motion involved in using the trackball. Results of previous studies have shown that a trackball performs more poorly than mouse or stylus devices for other kinds of tasks, such as pointing and dragging (1) , but the trade-off of using devices other than a trackball is a complex interaction of device, device parameters, and task (2) . Thus, the purpose of our study was to compare devices for the task of navigating through large CT data sets at a PACS workstation.
MATERIALS AND METHODS

Workstation
To integrate multiple devices into a viewing station, as well as to enable us to take sensitive time measurements of the users' progress, we designed our own display workstation. For all devices, the workstation consisted of a dual-processor 1-GHz Pentium processor (Intel, Santa Clara, Calif) with 2 GB of main memory, an NVIDIA GeForce 3 graphics card (Nvidia, Santa Clara, Calif) with 64 MB of memory, and Windows NT software (Microsoft, Redmond, Wash). The images were displayed on a Viewsonic VG175 flat panel (Viewsonic, Walnut, Calif).
We simulated clinical PACS viewing software that allowed the users to scroll through transverse CT sections with appropriate transfer functions for each of the tested input devices. The viewing station software was developed with Cϩϩ and OpenGL. The data sets were loaded into memory before the start of each experiment to limit the time required to draw each requested cross section. The cross sections were magnified to a spatial resolution of 1024 ϫ 1024 pixels within 5 msec of a device event. To achieve consistency in the task, alternative visualizations involving multiplanar reformation or 3D rendering were not used for the image analysis. Regarding the users' performance, the software was also responsible for making sensitive time measurements of up to 1 msec in significance. Figure 1 shows the four devices that we used in the study. They were used in position-control (trackball) and mixed-control (mouse, jog-shuttle wheel, tablet) modes. Position-control is defined in this context as a situation in which the device movement is mapped to the position of the desired cross section in the stack of cross sections comprising the volume. For example, the trackball maps degree rotations into the position of the desired cross section in the stack. A rate-control transfer function relates the device parameter, such as a joystick's displacement from the neutral position, to the rate at which the cross section moves through the volume. Finally, mixed-control devices provide both control modes. The effectiveness of a control device can be strongly affected by the transfer function that maps control motion and force to display effect (3) (4) (5) . Although we could not explore the full space or systematically optimize the mappings, we performed an informal initial test of all devices with 13 subjects to identify an acceptable mapping function for each device. The following paragraphs describe the devices and the mappings we used for this study.
Navigation Devices
Trackball (position-control mode).-The transfer function was a linear mapping from rotational position in the forward or backward scroll direction to position in the stack. In addition, the user was required to hold down the left mouse button to activate stack scrolling.
Mouse (mixed-control mode).-The ScrollPoint mouse combines a standard mouse with an additional finger-actuated joystick, which is similar to the TrackPoint stick (IBM) found on many laptops. Forward/ backward pressure on the joystick provided rate-controlled motion through the stack.
In addition, the mouse position along the forward/backward direction was mapped linearly to position in the stack. The rate control had a 10% dead zone and a 35% zone of constant two-sections-per-second velocity, with the remaining pressure values mapped linearly from two to 400 sections per second. An approximately linear mechanical force feedback was produced by the springiness of the joystick.
Jog-shuttle wheel (mixed-control mode).-The ShuttlePro jog-shuttle wheel is designed for video editing and allows one to view image sequences both in motion and frame-by-frame. The inner jog wheel rotates freely with detents every 36°, advancing the image one frame per detent in the corresponding direction (position map). The outer wheel can be rotated continuously 90°in either direction from a starting position. We mapped the displacement of the outer wheel (in terms of its rotation from 0°) to control the rate of continuous scrolling with seven linearly increasing increments from eight to 400 sections per second (velocity map). A spring provided a force feedback proportional to the displacement. Because the spring actively forces the wheel back to the zero position when no force is applied, it was not necessary to have a dead zone.
Tablet and stylus (mixed-control mode).-The Graphire pen tablet provides a 2D surface with a tracked stylus. The stylus also has a sensor for pressure on the tip of the pen; this sensor was not used in our experiments. This device was the most different from the trackball commonly used for this task, and we explored a variety of possibilities for the control mapping. We used two mappings in which the left and the right sides (from a fixed center line) of the tablet had different behaviors, thus creating two distinct "input devices" for assessment.
Tablet 1 mapping provided rate control on the right side with a "flick" motion in which the velocity of the pen at the time of liftoff from the tablet controlled scrolling rate. Touching the pen to the left side stopped all motion, and subsequent motions in the Y coordinate controlled position linearly. The goal of tablet 1 mapping was to facilitate rapid scrolling through large distances by means of velocity control, while allowing high precision locally.
Tablet 2 mapping provided absolute position control on the right side, with the vertical extent of the tablet mapped onto the longitudinal dimension of the stack. A scaled orthographic volume rendering of the results of a CT angiography study was printed on paper and attached to the right-side tablet area so that touching a position on the rendering moved the viewer to an image close to the corresponding location. As in the first mapping, the left side provided fine-grained relative position control. The goal of tablet 2 mapping was to provide an alternative means of rapid distance traversal by using an absolute position reference instead of velocity control, while maintaining the high local precision yielded by tablet 1 mapping.
Experimental Design
Before the experiment, a cardiovascular radiologist (G.D.R.) with 12 years of CT angiography experience selected 25 vascular targets (Table 1) in three CT angiography data sets. These targets were specifically chosen to be targets of clinical relevance to physicians searching for vascular disease. The same radiologist documented the specific images in which the targets appeared. The images had been acquired with an eight-detector row CT scanner and were reconstructed with 1.25-mm section thickness at 0.8-mm increments. One thousand six sections had been obtained in a patient with advanced peripheral vascular disease, 891 sections had been obtained in a patient with aortic dissection, and 1177 sections had been obtained in a patient with an abdominal aortic aneurysm. The targets ranged from one to 45 images in longitudinal (through-plane) extent. Figure 2 shows two targets that the users were asked to find in the data set obtained in the patient with peripheral vascular disease.
As required by our institutional review board, which also approved this study, all radiologist subjects signed an informed consent form. In addition, retrospective access to patient images in which all identifiers had been removed was provided, with waiver of informed consent, in a protocol approved by our institutional review board. Each of five radiologists (one woman, four men), who had 5, 5, 3, 3, and 3 years of experience with CT angiography, was seated at the workstation with the images displayed on a 27.7 ϫ 34.5-cm (1280 ϫ 1024 resolution) flat-panel display screen and with all of the input devices sitting on the table in front of the screen. The radiologists were made aware that the purpose of the study was to measure their performance with the devices and were instructed to be as efficient and accurate as possible.
After undergoing training and becoming familiar with the five input devices, each radiologist performed five trialsone trial per device. Device order was randomized so that each radiologist used the devices in a unique order. This served to control for both the order in which devices were used and the order in which anatomic targets and devices were paired.
Each trial involved identifying five anatomic targets from one of the CT angiographic data sets; therefore, each radiologist identified each of the 25 anatomic targets (Table 1) exactly once-five targets per device. Because each target was acquired only once, the order of the anatomic targets was fixed, and case memory was not an issue, so each radiologist could complete the five trials in a single sitting. The radiologists were given 5 minutes to rest between the use of each device. The target identity (eg, "origin of right renal artery") was spoken by the tester (A.J.S.) to cue the radiologist to find each target. Successful location of a target required that the subject stop at any image that fell within the target's documented extent. The total time required to acquire the target was automatically quantified as the time from device initiation, as actuated by the radiologist, until a stop button indicating target acquisition was pressed. In addition to measuring the performance of the radiologists using the devices, we also issued a questionnaire to assess the users' qualitative experience. On the questionnaire, the users were asked to rate the strain and fatigue relating to use of the device on a five-point scale (where a score of 0 meant no fatigue and a score of 5, most fatigue), the usefulness of the device for accomplishing the task, the physical effort demanded by the device, and whether the device felt comfortable in the hand. The users were also asked additional open-ended questions regarding their background with the device and advanced input devices in general, as well as being asked to provide more qualitative descriptions of the characteristics of the devices that they liked and disliked. These additional questions asked about the user's prior experience with the device, what type of problems they encountered with the device, what part of the tasks they felt could not be accomplished with the device, in what particular part of the body they felt the most strain, and why the device did not help them locate the target.
Secondary (Artificial Target) Test Procedure
To gain further insights into the quantitative performance properties of the devices, we designed an additional trial by using a single artificial test target that could be repeatedly assessed in a variety of locations. The goal of this trial was to analyze the sequential search components of navigation, target recognition, and target acquisition. The complexity of understanding and recording these features during the experiment discussed above precluded the measurement of these features with the anatomic targets.
Given the same physical setup described above, 13 nonradiologist observers (11 men and two women) between the ages of 22 and 50 who had no previous experience in using a PACS system were asked to locate the center of a 3D polyhedral target that was approximately 2 ϫ 4 cm in size and embedded in a stack of 769 cross-sectional images produced at a CT examination of the normal abdomen (Fig 3) . All voxels in the target were white, except for a central triangular cross section, which was red. The target was oriented so that this red triangle lay in a single plane of the originally acquired CT sections. As the participant scrolled through the volume and encountered the target, he or she first saw a small white triangle growing in size until it reached its maximum size and turned red. The triangle then turned white again, shrinking in size until it vanished.
After a familiarization trial with each device, the observers performed a sequence of seven trials with that device in which they tried to locate the target as rapidly as possible. Each trial involved the same CT data set, with the location of the target randomly selected for each trial. After they completed the trial for each device, participants were presented with the same written questionnaire that had been presented to the primary test subjects.
In addition to the "total time" measurement described above, the software automatically recorded several other measurements for the secondary test:
1. Time to first sight: The time from the start of the trial until the subject reached an image containing any part of the target.
2. Acquisition time: The time from the first sight until the subject first stopped or reversed direction. This is an approximate measure of the time it took for the subject to react and the computer to register a reaction.
3. Overshoot time: The total time minus the time to first sight.
4. Overshoot distance: The distance from the point at which the subject reversed direction (because he or she had seen the target) until the subject stopped at the target. Distances (in numbers of sections) were calculated as the unsigned sum of all forward and backward motions.
Statistical Analysis
For both experiments, we performed a repeated-measures analysis of variance for each outcome measure to determine whether there was an overall effect of the device on that outcome measure, across all devices. When this analysis yielded significant results (P Ͻ .05), it was followed by pairwise comparisons to determine significant differences between devices. Because the outcome measures were not normally distributed, we used logarithmically transformed outcome data for all statistical analyses. The statistical analysis was performed by P.K.S., 
RESULTS
Performance Data
A repeated-measures analyses of variance in which the effect of device on total time-collapsed across all targetswas examined yielded a significant overall effect for the device used (F ϭ 4.31, df ϭ 4, 16; P Ͻ .05) ( Table 2 ). Pairwise comparisons revealed that the trackball device was marginally slower (P Ͻ .10) than the jog-shuttle wheel and the tablet with tablet 1 mapping and significantly slower (P Ͻ .05) than the tablet with tablet 2 (alternative) mapping. In addition, the mouse was marginally slower than the tablet with tablet 1 mapping. There were no other significant differences among the devices.
Secondary Performance Data
Analyses of variance for each of the five outcome measures revealed significant differences in performance between devices (Table 3) . Pairwise comparisons revealed a similar pattern of results, in which the trackball was slower than the other four devices, for total time and acquisition time.
Overshoot distance and overshoot time showed the opposite pattern of results: Use of the trackball device led to smaller overshoot distance and time than use of the other four devices. The trackball was slower in time to first sight than the mouse. In addition, the mouse had a significantly greater overshoot time than the jog-shuttle wheel and trackball devices. There were no other significant differences among the devices.
Questionnaire Data
Pairwise comparisons revealed that the trackball device was reported to cause significantly more strain and fatigue than all other devices ( Table 4 ). The mouse caused more fatigue than either the tablet with tablet 1 mapping or the tablet with tablet 2 mapping. Pairwise comparisons also revealed that in terms of usefulness for accomplishing the task, the mouse was rated as worse than the jogshuttle wheel, the tablet with tablet 1 mapping, and the tablet with tablet 2 mapping, while the trackball scored worse only in comparison with the tablet with tablet 2 mapping.
Secondary Questionnaire Data
Regarding responses to a yes or no question about whether there were any overall problems with using a device, pairwise comparisons (Table 5) revealed that use of the jog-shuttle wheel was reported to involve fewer problems than use of the trackball or the mouse. In addition, the trackball scored significantly worse than all other devices in terms of user fatigue, while the mouse scored worse than the jog-shuttle wheel and the tablet (with tablet 1 mapping for all secondary results). Finally, in terms of its assistance to the user performing the task, the trackball was rated significantly better than the mouse, while the jogshuttle wheel was rated better than the mouse and tablet and the mouse was rated significantly worse than the tablet.
DISCUSSION
Radiologists are spending larger portions of their workday in front of a computer screen, navigating and interpreting data sets of unprecedented size. Although many investigations have focused on image display and interpretation during soft-copy image interpretation, to our knowledge, this is the first investigation to focus on the control aspect of the radiologist-computer interface. Indeed, it is curious that in a world filled with specialized input devices for general computer control, computer gaming, video production, and graphics production (to name a few), vendors of PACS workstations invariably offer either a standard trackball or a three-button mouse for control of increasingly sophisticated CT and MR image navigation systems. Anecdotally, our experience in a busy university practice has resulted in a number of complaints among radiologists of wrist, forearm, and hand soreness when using the trackball. This study was motivated by our desire to make the process of analyzing large cross-sectional data sets both more efficient and more comfortable.
In the years since the initial development of the graphical user interface, a number of investigations have explored the relative merits of different input devices for a variety of tasks, including pointing (target acquisition) (4 -7), dragging (1,7), trajectory following (5, 7, 8) , scrolling the contents of a window (9,10), and freehand drawing (7). Other researchers (3, 5) have explored the effect of different control-display mappings on speed and accuracy. The dominating theoretic structure behind these investiga- tions has been Fitts law (11), which allows one to predict human motion on the basis of target size in a task that involves rapid, aimed movement. Specifically, Fitts found that the total time to acquire the target was logarithmically related to distance when the target size was fixed and logarithmically related to target size when the distance was fixed, and this law has been shown to be applicable not only to the hand-eye ballistic target acquisition task explored by Fitts but also to a variety of other tasks such as scrolling in a document window (9) . Although generalizations such as Fitts law apply across devices, they do not provide guidance as to the choice of specific devices. Study results show that there are interactions between device choice, device mapping functions, and task structure. For example, two studies of window scrolling for browsing (9,10) yielded conflicting results on the relative effectiveness of the WheelMouse (Microsoft) and the ScrollPoint mouse (IBM) owing to differences in the transfer function for the wheel and in the specific task characteristics, such as average distance of scrolling. As another example, although variable control-display gain does not improve performance on pointing tasks with a position-control device such as a mouse (4), it has been shown to play a key role in the effectiveness of pointing with a rate-control device such as a TrackPoint stick (3, 5) The radiologic scrolling task differs from pointing and trajectory-based tasks because the target is not visible at the beginning of the trial. It is relatively similar to the window-scrolling task but is not identical. First, it differs from standard scrolling (though not from the use of devices such as the WheelMouse and ScrollPoint mouse) in that it does not use a control area (scroll bar) that is acquired by pointing. Second, the relationship between control and screen contents is different in that the screen contains a series of distinct images in which the X-Y location remains fixed and the Z location changes. This is experientially different from an Internet browser window, in which the controller scrolls the contents in the X or Y dimension.
Relating the uniqueness of the radiologic scrolling task to the findings of this study, we hypothesize that use of a hybrid device, which integrates a physicalfeedback scrolling device (one that uses, for example, detents or audible "clicks") with a tablet device would improve the reader's efficiency and comfort. As the tablet 2 mapping evaluated in this study does, this device would project a volumerendered view acquired in the current patient onto a tablet to facilitate course localization while allowing fine movements with an embedded scrolling wheel, for example. Such a device would relocate many of the movements that would be strenuous with the scrolling wheel (eg, traversing large longitudinal distances) to the "see and touch" interface of the tablet 2 mapping design but would also retain the precision and controllability of the scrolling wheel interface for the fine movements. To be effective, the scrolling wheel would need to be located on the pointing device for the tablet (eg, the pen); alternatively, the pointing device that is currently required would need to be eliminated in favor of a finger tap system.
In the meantime, radiologists need to cope with the limitations of existing viewing stations by limiting large-scale movements with the trackball as much as possible. Until dedicated devices are designed, radiologists may find that an alternative commercially available navigation device may be preferable to the one that was supplied with their PACS workstation. Because the majority of these devices interface with the universal serial bus, they are easily swapped with standard devices on a Windows-based PACS workstation. For radiologists to fully benefit from the customization features of some of these devices, some cooperation with the PACS vendor may be required for installing and configuring the specialized drivers that are typically included with these devices.
The preliminary results of this study indicate that the currently used device (the trackball) is not a preferable device. In fact, it was the worst of the devices tested, ranking last or next-to-last in speed and subjective measures. This may be due in part to the way in which the trackball is conventionally used, which requires holding down a button while rotating the ball. It is possible that a different interaction design that did not require the button might substantially improve the ratings of the trackball. However, we suspect that a considerable drawback for the trackball is that, as compared with the other devices tested, it requires the user to perform rapid, large, and repetitive motions to traverse large numbers of sections. It is important to note that the trackball's superiority in precision could be one of the main reasons for its overwhelming presence on viewing stations; however, our study results show it has disadvantages as well, including the possibility of causing strain during large repetitive motions.
As in many studies of human-computer interaction, objective performance measures do not fully correlate with subjective measures. The ScrollPoint mouse had the best times, but was one of the two lowest-rated devices in terms of both assessments of physical effort and subjective performance. This was apparently due to the frustration with overshooting, since the isometric finger joystick is hard to control, and the fact that subjects were not comfortable switching from fine finger movements to larger arm movements in order to switch from rate to position control. On the other hand, the ShuttlePro jog-shuttle wheel ranked highest in the subjective ratings and was among the set of fastest devices (the devices in that set were not significantly faster than one another). It is likely that the ease of accurate positioning with the inner wheel, which led to the lowest overshoot distances, was a key factor in the ease and satisfaction with this device.
On the basis of the verbal questionnaire responses, we hypothesize that pos- Tablet with tablet 2 mapping* 9.58 Ϯ 0.14 # Note.-Data are mean total log times (in log seconds) Ϯ standard deviations.
* Values for two given devices significantly different (P Ͻ .05) from each other.
† Values minimally different from those for ScrollPoint mouse but at least marginally different from those for ShuttlePro jog-shuttle wheel, Tablet with tablet 2 mapping, and Tablet with tablet 1 mapping.
‡ Values minimally different from those for trackball, ShuttlePro jog-shuttle wheel, and Tablet with tablet 2 mapping but at least marginally different (P Ͻ .10) from those for Tablet with tablet 1 mapping.
§ Values minimally different from those for ScrollPoint mouse, Tablet with tablet 2 mapping, and Tablet with tablet 1 mapping but at least marginally different (P Ͻ .10) from those for trackball.
Values minimally different from those for ScrollPoint mouse, ShuttlePro jog-shuttle wheel, and Tablet with tablet 1 mapping but at least marginally different (P Ͻ .10) from those for trackball.
# Values minimally different from those for ShuttlePro jog-shuttle wheel and Tablet with tablet 2 mapping but at least marginally different (P Ͻ .10) from those for trackball and ScrollPoint mouse.
itive subjective measures are correlated with a sense of "controllability" (a feeling that the device is doing what the user wants), which is only loosely correlated with the measured speed and precision.
Given the high ranking of the jogshuttle wheel, we hypothesize that for this kind of task, velocity control together with fine position control is a better combination than either type of control alone. The fact that haptic feedback (with spring force for velocity and detents for position) is provided appears to be a part of its success. Further experiments could better isolate the importance of this feedback.
The tablet appears to have potential, but there are many more degrees of freedom in the mapping, from stylus position and motion to control of the scan. Subjects exhibited very different strategies for using the two components we provided, and we suspect that their performance and satisfaction with the tablet device were strongly affected by their choice of strategies. One interface method that we proposed that was well accepted * df ϭ 4, 16 and P Ͻ .001 for both values. † Data are mean grades (on a scale from 0 to 5, where 0 means no fatigue and 5 means most fatigue) Ϯ standard deviations. Differences between ScrollPoint mouse and all other devices except trackball were significant (P Ͻ .05). Differences between trackball and Tablet with tablet 2 mapping also were significant (P Ͻ .05).
‡ Data are numbers of five radiologists answering "yes." Data in parentheses are percentages. Differences between any two devices among trackball, Tablet with tablet 1 mapping, and Scrollpoint mouse were significant (P Ͻ .05). Differences between trackball and ShuttlePro jog-shuttle wheel, between trackball and Tablet with tablet 2 mapping, and between ScrollPoint mouse and Tablet with tablet 2 mapping also were significant (P Ͻ .05). * Data are percentages of respondents answering "yes." † Differences between ShuttlePro jog-shuttle wheel and both trackball and ScrollPoint mouse devices were significant. ‡ P Ͻ .01. § Data are mean grades (on a scale from 0 to 5, where 0 means no fatigue and 5 means most fatigue) Ϯ standard deviations. The following differences were significant: between trackball and all other devices, between ScrollPoint mouse and all other devices, between ShuttlePro jog-shuttle wheel and all other devices except Tablet, and between Tablet and all other devices except ShuttlePro jog-shuttle wheel. P Ͻ .001. # The following differences were significant: between ScrollPoint mouse and all other devices, between ShuttlePro jog-shuttle wheel and Tablet, and between Tablet and all other devices except trackball.
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Alternative Input Devices ⅐ 397 by the radiologists was the volume-rendering navigation glyph. This scaled glyph allowed the users quick access to cross sections in the stack on the basis of anatomic knowledge. The glyph was judged to be extremely helpful in providing anatomic navigation of the data while also allowing the user to perform fine movements without lifting the stylus. To compare the tablet more fully with the other devices, it will be necessary to further evaluate different ways to map it. In considering the limitations of our study, we are not able to give definitive arguments as to which devices are best for radiologic image analysis. First, so that we could perform a controlled study with a feasible amount of resources, we chose artificial tasks rather than actual radiologic analyses. In general, radiologic interpretation requires the use of additional and possibly different strategies, depending on the specific questions that need to be answered for each particular patient. For example, in addition to the kinds of location tasks we explored, radiologists often perform less-structured scanning for items of interest. In addition, to enable each radiologist to complete his or her tasks in one sitting, we did not require them to use the same device for each anatomic target. As a result of this, however, we were not able to compare results of the radiologists' use of a given device on the same targets.
Second, we used a setup that duplicated only the scrolling function of the PACS workstation, without addressing all of the additional tools that are part of actual radiographic interfaces (eg, patient care, image brightness and contrast control, measuring tools, the ability to locate and compare a previously acquired image with a current one). Although our study results show that efficiency and ergonomics can be improved for the tasks we studied, the effect on the entire interpretive process of replacing (or adding) particular devices would need to be evaluated.
Third, we measured speed and precision relative to a fixed target, rather than performing results-oriented measurements of the effectiveness of a radiologic examination. Medically meaningful measures are much more difficult to validate and to apply in controlled studies. In the secondary (artificial target) study, in which quantitative performance measures for target acquisition were derived, we examined device performance in a nonmedical task so that we could use non-medically trained subjects, whose time was more accessible.
Finally, we did not explore a wide variety of mappings from device interaction to effect, and this might have had substantial effects on both performance and satisfaction. In addition, we chose to implement a trackball scrolling system that was similar to that used with Centricity PACS workstations (GE Medical Systems, Milwaukee, Wis) because these workstations were the most familiar to our readers. This system requires the user to hold down the left button while scrolling with the trackball and has advantages when it come to switching between scrolling and pointing with a cursor. Although it is possible that removing this requirement would reduce discomfort for a "scrolling only" task, we wanted to compare alternative devices in the emulation of an existing, familiar one.
In conclusion, our study results suggest that the trackball, which is used with virtually every viewing station today, may not be the optimal device for navigation of large CT angiography data sets and that other existing devices may be more efficient. Our longer-term goals are to measure and improve the effectiveness of display and control technologies in practice. This will require substantial numbers of trials involving radiologists performing realistic tasks and outcome measures that are based on medically relevant goals. From a broader point of view, this research is part of a project to investigate displays and input devices that integrate 2D and 3D visualization. The scrolling task that now dominates the analysis of volumetric scan data will be augmented (though probably not completely replaced) by the real-time control of 3D renderings. Further studies will be based on the design of these integrated systems and the incorporation of devices into them.
